Introduction
Iron is an essential element for the functioning of all living organisms. On one hand the positive association of iron overload and infection is well researched; for instance the excess of iron contributes to promote the development of tuberculosis and malaria [1, 2] . Moreover, increased iron stores through its impact on inflammation and production of reactive oxygen species are related to type 1 and 2 diabetes [3] , chronic liver diseases [4] and cancer [5] . On the other hand iron deficiency (ID) may lead to impaired production of hemoglobin and result in development of iron deficiency anemia, which is a widespread public health problem. However the mere iron deficiency may have a significant impact on health. It has been demonstrated that ID, regardless of anemia is associated with poor prognosis and increased mortality in patients with heart failure [6] . Iron deficiency is particularly common in patients with chronic diseases accompanied by inflammation, such as chronic kidney disease, heart failure, bowel inflammatory disease. Absolute iron deficiency is diagnosed when TSAT falls below 20 percent and the serum ferritin concentration is below 100 ng/mL, while functional iron deficiency is defined as serum ferritin 100-300 μg/L and TSAT <20% [7] . The association between iron and inflammation remained unclear until the discovery of hepcidin-25 [8] , a 25-aminoacid peptide, synthesized in hepatocytes. It is one of the key elements involved in iron metabolism. Hepcidin-25 secretion increases in response to iron overload, inflammation, infection and hypoxia [9] . It is also known as an acute-phase reactant [10] . Multiple proteins are involved in hepcidin-25 regulation and metabolism -hemojuvelin (HJV), human hemochromatosis protein (HFE), bone morphogenetic proteins (BMP), soluble transferrin receptors (sTfR), growth differentiation factor-15 (GDF-15), interleukin-6 (IL-6).
Previous studies on iron deficiency and kidney diseases concerned only the patients with end stage kidney disease or patients on renal replacement therapy. The aim of this study was to assess the iron status in patients in early stages of chronic kidney disease (2 nd and 3 rd stage), iron correlation with inflammation parameters and novel biomarkers of iron metabolism.
Patients and Methods

Study population
The studies were performed on 69 patients, including 26 patients with absolute iron deficiency and 7 patients with functional iron deficiency. Thirty six patients were in 2 nd and 6 patients were in 3 rd stage of chronic kidney disease, GFR (glomerular filtration rate) 60-89 ml/min and 30-59 ml/min respectively, calculated from CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) equation according to the latest KDIGO guidelines [11] . The inclusion criteria were as follows: age ≥ 18 years; stable clinical state; no thrombosis or inflammation; absence of acute cardiovascular complication (including uncontrolled hypertension, acute coronary syndrome, acute heart failure). Exclusion criteria included: acute inflammation; active cancer; any anemia and/or iron deficiency treatment; blood transfusions within 3 months preceding the study, immunosuppressive therapy. We defined results based in iron deficiency parameters internationally accepted for CKD patients [7] i.e. absolute iron deficiency is defined as serum ferritin <100 μg/L and TSAT <20%. Functional iron deficiency is defined as serum ferritin 100-300 μg/L and TSAT <20% .
The study protocol was approved by the local Medical University Ethics Committee. All patients were fully informed about the study and gave their consent.
Laboratory measurements
All venous blood samples were taken in the morning after an overnight rest. Hematological measurements were made in fresh venous blood with EDTA and clotted blood. The plasma and serum were centrifuging and frozen at -70 o C until further laboratory analysis. Hemoglobin concentration (Hb), red blood count (RBC), hematocrit (HCT), platelets count, fibrinogen, C-reactive protein concentration (CRP), Łukaszyk/Łukaszyk/Koc-Żórawska/Tobolczyk/Bodzenta-Łukaszyk/Małyszko: Iron in Early CKD creatinine, urea, uric acid and prothrombin index were measured using standard laboratory methods (automated system) in a central laboratory.
The following iron metabolism biomarkers were measured directly: iron concentration, total iron binding capacity (TIBC), ferritin. Transferrin saturation (TSAT) was calculated as the ratio of serum iron and TIBC and expressed as a percentage.
Commercially available kits were used to measure: hepcidin-25 (EIA Kit, Peninsula Laboratories, LLC, Bachem Group, USA), HJV (USCN Life, Wuhan, China), sTfR (R&D Systems, Minneapolis, USA), GDF-15 (R&D Systems, Minneapolis, USA), IL-6 (R&D Systems, Minneapolis, USA), hsCRP (CRP Elisa Kit-LDN Labor Diagnostika Nord GmbH&Co KG, Nordhorn, Germany), zonulin (Immundiagnostik AG, Bensheim, Germany).
The CKD-EPI equation was used to estimate a glomerular filtration rate.
Statistical analysis
The data were analyzed using Statistica 10.0 computer software. If possible, data were logarithmically transformed to achieve normal distribution. Measurements normally distributed are reported as mean ± SD, and non-normally distributed as median ± minimal-maximal value. Analysis of variance (ANOVA) (with post hoc Tukey test for unequal groups) or Kruskall-Wallis ANOVA (the difference between the mean of two variables was calculated by Mann-Whitney U test) were used in statistical analysis to compare differences between groups with p<0.05 considered statistically significant, when appropriate. Analyses of the correlation of each parameter were performed using Pearson or Spearman correlation coefficients. P<0.05 was considered significant.
Results
Clinical and biochemical parameters of the groups of patients are presented in the Table 1 . Functional iron deficiency was associated with significantly higher serum levels of fibrinogen, ferritin, hepcidin, transferrin saturation and older age relative to patients with absolute iron deficiency. In comparison with patients without iron deficiency, patients with Table 1 . Clinical and biochemical characteristic of patients with absolute and functional iron deficiency Łukaszyk/Łukaszyk/Koc-Żórawska/Tobolczyk/Bodzenta-Łukaszyk/Małyszko: Iron in Early CKD functional iron deficiency were older, with lower prothrombine index, higher fibrinogen, CRP, hsCRP, sTfR, GDF-15, urea and lower eGFR.
In patients with absolute iron deficiency correlations are given in the Table 2 and in patients with functional iron deficiency in the Table 3 . In patients with normal iron levels several significant correlations were observed as presented in the Table 4 . In all groups of patients GDF-15 was correlated eGFR (r = -0.5, P < 0.05) as well as with hsCRP (r = 0.4, P < 0.001), IL-6 (r = 0.38, P < 0.05), sTfR (r = 0.26, P < 0.05), HJV (r = -0.33, P < 0.05) and PT index (r = -0.55, P < 0.05) and strongly correlated with age (r = 0.68, P < 0.05).
In patients with normal iron level, PT index was related in a univariate analysis to hepcidin (r = 0.37, P < 0.05), and GDF-15 (r = -0.37, P < 0.05). In patients with iron deficiency, GDF-15 was strongly correlated in a univariate analysis with PT index (r = -0.7, P < 0.05). Table 4 . Correlations between parameters studied in patients with normal iron levels Table 2 . Correlations between parameters studied in patients with absolute iron deficiency Table 3 . Correlations between parameters studied in patients with functional iron deficiency
In multivariate analysis predictors of hepcidin-25 were IL-6 (β-value was 0.269), fibrinogen (β-value was 0.412) and ferritin (β-value was 0.317) explaining 39% of the observed variations (P=0.000988). SEM was 31.25.
Discussion
The association between inflammation and iron status prompted us to focus on the correlation of novel iron status parameters and an early stages of chronic kidney disease, which is a state of subclinical inflammation. Previous studies concerned the patients with end stage kidney disease or patients on renal replacement therapy. Malyszko et al. [12] revealed that the vast majority of hemodialysis patients presented functional iron deficiency that stemmed from subclinical inflammatory state. Therefore, in hemodialysis patients we should first pursuit to reveal and cure the reversible causes of inflammatory state.
Since the discovery of hepcidin-25 [8] it has become clear that iron status is connected with inflammation as well as with decreased clearance of hepcidin in chronic kidney disease. We have attempted to evaluate the impact of hepcidin-25 concentration on iron status, anemia and eGFR in patients in early stages of chronic kidney disease. In patients with functional iron deficiency strong relations between inflammation parameters and sTfR were confirmed. It is important to maintain the difference between absolute (ferritin <100ng/mL) and functional iron deficiency (TSAT<20%; ferritin >100ng/mL). In our study in patients with absolute iron deficiency we observed an association between hemoglobin and serum ferritin. The correlation between anemia, hepcidin and ferritin was particularly present in patients with lower eGFR [13] . In our study hepcidin was higher in patients with functional iron deficiency, when compared to patients with absolute iron deficiency. The correlation between hepcidin and ferritin was not find in patients with functional iron deficiency probably due to a limited sample size. The difference between functional iron deficiency and normal iron status did not reach, statistical significance, as it was reported previously in dialyzed patients [12] , probably due to low number of patients with functional iron deficiency in the population studied with early stages of CKD.
Hemojuvelin plays an important role in juvenile hemochromatosis as a protein responsible for iron overload. It is also involved in hepcidin regulation [14] . It has been previously investigated that serum HJV is related to kidney function and iron metabolism in hemodialysis patients, but did not correlate with inflammation [15] . In our study we did not find any relation with studied parameters, except with zonulin in patients with normal iron status and with GDF-15 in absolute iron deficiency group.
GDF-15 is a member of transforming growth factor-β cytokine superfamily and has been identified as the one of the iron status regulators. Oxidative stress and inflammation are known factors increasing GDF-15 expression [16] . What is more, in all study groups GDF-15 was related to prothrombin index that may reflect an increased procoagulant activity during inflammation. The strong correlation between GDF-15 and age in association with shortened prothrombin index may reflect progression of atherosclerosis in the mechanism of endothelial activation and vascular inflammation [17] .
Moreover GDF-15 was also significantly higher in patients with anemia according to the WHO definition (hemoglobin < 13 mg/dl for men and <12 mg/dl for women) [18] compared to their nonanemic counterparts (P=0.0025) similarly as in case of research on kidney allograft recipients [19] , but in our study there was no association between GDF-15 and hepcidin. It was previously investigated that higher circulating GDF-15 parallels deterioration in kidney function [20] that was also confirmed in our study.
Inflammation leads to IL-6 synthesis by macrophages, which acts on hepatocytes and induce hepcidin production [21] . In our study we did not confirm statistically significant difference between IL-6 concentration in patients with and without iron deficiency. However, IL-6 level tended to increase as kidney function was impaired only in the group with absolute Łukaszyk/Łukaszyk/Koc-Żórawska/Tobolczyk/Bodzenta-Łukaszyk/Małyszko: Iron in Early CKD iron deficiency. In the recent paper by Shu et al. [22] IL-6 was increased in patients in tumorrelated anemia, but there was no correlation between IL-6 and hepcidin in patients with iron deficiency anemia. They suggest that iron deficiency may have more significant impact on reducing hepcidin levels than the inflammation itself. However, in healthy Japanese adults Nakagawa H et al. [23] showed that lower iron concentration was associated with increased serum IL-6. On the other hand Przybyszewska et al. [24] revealed a significantly higher concentration of IL-6 (in correlation with CRP) in patients with anemia of chronic disease in comparison to patients with iron deficiency anemia.
Soluble transferrin receptor is a dimer protein, which is a part of the transferrin receptor that has been enzymatically cleft and is present in serum [25] . It is a parameter that represents the amount of total transferrin receptor that is present in the body. The vast majority of sTfR is located in the red bone marrow. Measuring the concentration of sTfR is useful while assessing the gross mass of erythroid marrow and may be helpful while distinguishing between the anemia of chronic diseases and iron deficiency anemia [26] .
In our study a univariate analysis confirmed that in the group of patients with functional iron deficiency sTfR was the only parameter that did not correlate with any of the inflammatory parameters. It only showed a strong correlation with renal function parameters in absolute iron deficiency. Although previous studies did not confirm unambiguous diagnostic utility of sTfR in complicated anemia [27] , we suggest that sTfR could be a good clinical tool to reveal the underlying cause of anemia in early stages in CKD. Similarly to our results, studies have shown that the level of sTfR is markedly elevated in iron deficiency anemia but remains normal in anemia due to chronic inflammation without iron deficiency and thus may be of considerable help in differentiation between iron deficiency anemia and anemia of chronic disease-ACD [28] [29] [30] . However, further studies should be performed to explore other possible characteristics of this molecule.
Zonulin is a protein responsible for increasing intestinal permeability by affecting intracellular tight junctions. It has been previously reported that plasma zonulin level increases in some inflammatory states including sepsis, type 1 diabetes, celiac disease and obesity [31, 32] . We hypothesized similar correlation in kidney disease or iron deficiency, but there was no relation with renal function. However, we observed a strong correlation with IL-6 and HJV. It may be useful to conduct similar research in patients with end stage kidney disease or patients on renal replacement therapy. In the recent paper by Malyszko et al [33] zonulin correlated with hematocrit, hemoglobin and erythrocyte count, but was not related to any iron parameters studied in kidney allograft recipients. Similarly, in heart transplant recipients zonulin correlated with hemoglobin, but was not related to iron status. In addition, kidney function, immunosuppressive regimen, NYHA class, gender, and presence of anemia did not affect zonulin level [34] .
Some of the novel iron status parameters in univariate but not in multivariate analysis were associated with shortened prothrombin index. The following relation is probably associated with increased procoagulant activity in the state of inflammation. It might be also relevant to the possible associations between chronic kidney disease and liver disease [35] . We would like to stress that shortened prothombin index, which may be a novel finding, emphasize the importance of subclinical inflammation and associated increased risk of thrombotic tendency in this particular clinical setting. It has not been reported previously and requires further investigation.
There are several limitations of our study that deserve further clarification. The size of study group is small, that is why not all of the statistical analyses were possible. We also exclude other possible causes of anemia -deficiency of vitamin B12 or folic acid. We did not also assess erythropoietin levels and their relations to iron status as it was reported that hepcidin or prohepcidin were unaffected during therapy with erythropoiesis stimulating agents [36, 37] . It appears that some novel biomarkers i.e. HJV, zonulin do not add to the diagnosis of functional iron deficiency in early stages of CKD. Similarly, iron status or folate do not also differentiate between some complications of dialysis [38] . However, it seems
